Nanopores have emerged as versatile biophysical tools capable of probing molecules one at a time.^[@ref1]−[@ref3]^ Nowadays, nanopore applications widely range from DNA/RNA sequencing to unraveling the underlying mechanisms of biological processes.^[@ref4]−[@ref6]^ The appeal of nanopore sensing stems partly from the beautiful simplicity of its operating principle: modulations in ionic current reflect the passage of single biomolecules through a nanometric aperture.^[@ref7]^ Despite the significant contributions that nanopore sensing has made to date,^[@ref8]^ high-resolution readouts are still limited by fast analyte transport^[@ref9]^ and low signal-to-noise ratios (SNR).^[@ref10]^ The ability to slow down and control the motion of biomolecules would pave the way for a broader range of biophysical and diagnostic applications including protein sequencing and studying DNA--protein interaction and manipulation.^[@ref11]−[@ref14]^ Since the inception of solid-state nanopores,^[@ref15],[@ref16]^ researchers have proposed many solutions aimed toward addressing these limitations: tuning the nanopore shape and geometry,^[@ref17],[@ref18]^ use of two-dimensional materials,^[@ref19]^ tuning the physicochemical parameters of the electrolyte solutions (e.g., viscosity, temperature, pH, ionic strength gradients, physical-confinement),^[@ref20]−[@ref26]^ chemically modifying the pore surface,^[@ref27]−[@ref29]^ and more.^[@ref30]−[@ref34]^

Recently, a promising new strategy based upon solid-state multinanopore architectures was introduced to control molecular transport. These architectures bear some similarity to two-pore channels protein complexes found in eukaryotic cells, where a subset of voltage- and ligand-gated cation channels consist of subunits that give rise to multiple adjacent pores.^[@ref35],[@ref36]^ For instance, Pud et al.^[@ref37]^ proposed a double-nanopore system fabricated in a Si/SiN membrane in which a single dsDNA molecule could be engaged in a "tug-of-war" between the nanopores, resolving into a temporary stall of the analyte across the pores. Furthermore, Cadinu et al.^[@ref38]^ successfully slowed down both DNA and small proteins using a zeptolitre "nanobridge". While these new approaches are innovative, their potential is somewhat limited, as they rely on passive mechanisms of slowing down the analyte and the nanopores could not be electrically addressed independently.

Here we report on a new strategy, double barrel nanopores, which enables novel modes of single-molecule manipulation and allows for actively controlling the molecular transport. This device consists of two independently addressable nanopores that are located at the tip of a double barrel quartz nanopipette and separated by a gap of approximately 20 nm. The approach introduces a novel nanopore sensing platform in which the forces applied to the different ends of a single molecule can be tuned in real time. We demonstrate that this double barrel nanopore platform is capable of actively controlling DNA transport and efficiently bridging molecules between two pores (where up to 60% of all translocations can be bridged, compared to 0.8% reported previously).^[@ref37]^ DNA molecules suspended between the two apertures can be sensed with an enhanced temporal resolution (viz., an increase of at least 2 orders of magnitude in the dwell time) with the possibility of complete trapping of the molecules without affecting the SNR and capture rate.

Double barrel nanopores were fabricated by laser-assisted pulling^[@ref38]−[@ref40]^ of double-barrel quartz capillaries, resulting in a nanopipette with two adjacent nanopores at the tip, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Both barrels had comparable internal diameters of 23 ± 9 nm and were separated by a 20 ± 2 nm gap, as measured by scanning electron microscope (SEM) and transmission electron microscope (TEM), [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b,c, [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00860/suppl_file/nl8b00860_si_001.pdf) Figure 1. An electrolyte solution of 2 M LiCl was used to fill both barrels, yielding an average pore conductance of 33 ± 4 nS (*n* = 20, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). In all experiments, each barrel contained an independent working electrode, corresponding to an independent detection channel, and the common ground/reference electrode was introduced in the bath along with DNA. The ability to individually modulate the bias in the two detection channels enhanced the molecular control on DNA translocation, allowing either to capture a single DNA molecule into both pores leading to a "tug-of-war" between the two nanopores or to transport the analyte from one barrel to the other. We define this distinct modus operandi as "competition" and "transfer" mode, respectively ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a).

![Experimental setup and characterization of the double nanopore platform. (a) Schematic representation of the experimental setup showing a double barrel nanopore. In all experiments, the ground electrode was placed in the bath along with the DNA, while each barrel contained an independent working electrode, allowing each nanopore to be addressed individually. Depending on the polarity of the bias applied to the channels, two modes of operation are possible: competition and transfer mode. In the competition mode, where a positive bias is applied to both barrels, DNA molecules are attracted toward the two pores and can result in a single molecule being trapped between them. In the transfer mode, the pores are biased with voltages of opposite polarity enabling DNA molecules to be ejected from one pore and immediately threaded into the second one. (b,c) TEM and SEM images of the double barrel quartz nanopipette, respectively, showing pore diameters of approximately 23 ± 9 nm (*n* = 4 devices) separated by ≃20 nm gap and a cone angle of ∼0.11 radians. (d) Current--voltage characteristics of the two barrels measured in 2 M LiCl buffered in TE at pH 8 showing comparable a pore size. Errors denote one standard deviation. Insets show conductance histograms of the two pores.](nl-2018-00860m_0001){#fig1}

In competition mode, the same positive bias is applied to both channels ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The negatively charged DNA is therefore attracted from the bath toward the tip of the pipet. Whereas the DNA can independently thread through each of the apertures, a significant fraction (from 6% to 62% depending on DNA size and potentials applied) ends up captured in both pores, leading to a molecule that temporarily gets stretched across the two pores. This results in opposing forces being exerted on the two ends of the molecule, significantly prolonging its residence time in the detection area. Eventually, in most cases the DNA slides out from one of the two pores (iv) and completes the translocation through the second nanopore (v). We refer to these types of translocations as "double pore events" as the same DNA molecule is being detected in the ionic current traces of both nanopores ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b).

![DNA translocations in competition mode. (a) Schematic of a DNA molecule being trapped between the two pores in competition mode. A positive bias is applied to each of the barrels, causing a DNA molecule to move from the bath toward the tip of the nanopipette (i). Subsequently, the molecule starts threading into one of the pores (ii) inducing a sharp drop in the ionic current of the corresponding channel. Given the proximity of the two apertures, the nontranslocated part of the molecule can get captured by the second pore (iii) resulting in a double pore event. Competing forces are exerted on the DNA by each of the nanopores, leading to a prolonged residence time across the pores. Eventually, the molecule slips out of the channel exerting the weakest force on the DNA sharply ending the current blockade of its recording (iv), and escapes through the other nanopore (v). Notably, when the DNA completes its translocation into the second nanopore, the corresponding ionic current recording returns to baseline following an exponential profile. (b) Current--time traces of the two detection channels acquired for 300 pM 10 kbp DNA molecules in 2 M LiCl at 400 mV bias applied to both barrels. At the bottom of the panel, two examples of double pore event current traces are shown. The exit channel recording (Ch.1 top current trace in both examples) of the double pore events shows the characteristic monoexponential profile with time-constant τ. (c) A histogram of τ revealed a peak maximum of ∼100 μs. (d) Histograms of the time offset at the start (δ~1~) and end (δ~2~) of double pore events.](nl-2018-00860m_0002){#fig2}

Interestingly, the signal shapes of the ionic current blockades ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b) allow one to distinguish in which pore the DNA molecule enters first and in which nanopore it completes its translocation. When DNA translocates from the outside bath to the inside of the pipette (out-to-in), events are characterized by a sharp onset of the current blockade and a monoexponential return to the baseline at the beginning and the end of the event respectively ([SI](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00860/suppl_file/nl8b00860_si_001.pdf) Figure 2). This shape can be explained by considering the varying electrical resistance along the conical nanopipette tip, as the DNA is quickly transported from the opening of the nanopore, a region of high local resistance, to the inside of the conical nanopipette tip, a region governed by access resistance. Conversely, pipet-to-bath (in-to-out) events follow the opposite trend, where a monoexponential current blockade is followed by a sharp return to baseline ([SI](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00860/suppl_file/nl8b00860_si_001.pdf) Figure 3). These profiles are in good agreement with Bell et al.^[@ref41]^ for single pore DNA translocation in 2 M LiCl. For our double pore events, the barrel in which the molecule concludes the translocation can thus be identified from the ionic current trace, as it contains the characteristic exponential profile at the end of the current blockade ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). For 10 kbp DNA, the double pore event profiles were fitted using a monoexponential function with a time constant τ, yielding to a τ distribution which peaks at ∼100 μs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c) and is consistent with the values measured in the single barrel recordings ([SI](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00860/suppl_file/nl8b00860_si_001.pdf) Figures 2 and 3). It should be noted that τ is instrumentation independent, and it has a value larger than the rise/fall times of the amplifiers used (35 μs at the 10 kHz cutoff frequency used). The signal shapes also allowed to discriminate double pore events from the (rare, \<0.2%, [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00860/suppl_file/nl8b00860_si_001.pdf) Figure 4) events in which two different DNA molecules simultaneously thread through each of the pores.

Double pore events start with a single DNA molecule entering one of the nanopores, followed by insertion of the second part of the molecule into the other nanopore after a time offset δ~1~. Selecting one of the pores as a fixed reference, δ~1~ can be either positive or negative depending on the nanopore in which the DNA molecule enters first. For equal bias applied, the δ~1~ distribution spreads symmetrically around 0 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d), showing that molecules have no preferential entrance pore. Notably, a preference for the pore of entrance can be tuned by inducing an imbalance between the forces that the nanopores exert on the DNA in the access region. This can be achieved either by using nanopores of different sizes ([SI](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00860/suppl_file/nl8b00860_si_001.pdf) Figure 5) or by biasing them with different voltages ([SI](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00860/suppl_file/nl8b00860_si_001.pdf) Figures 6 and 7). The ending of a double pore event is characterized by δ~2~, the time offset between the moment that the DNA molecule is released from the first pore and its escape through the second pore. This δ~2~ represents the (very short) time that the DNA takes to travel the ∼20 nm gap. The measured δ~2~ distribution exhibited a much narrower range than δ~1~. This can be understood by considering the different nature of δ~1~ and δ~2~ offset times. Right after the start of the event, the second part of the DNA polymer requires time to find the second pore, a time which will depend on the polymer configuration and its position with respect to the pores. On the other hand, at the end of the event, the time of passage between the two channels is very well-defined by the distance between the nanopores and the translocation speed of the linearly stretched DNA.

A significant benefit of operating in competition mode is the long translocation time of double pore events. When both channels were held at an equal potential, 10 kbp DNA translocations events were recorded with dwell times up to 100 ms ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b). This value is more than 2 orders of magnitude higher than the dwell times of single pore events, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c, and the more conventional single barrel experiments ([SI](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00860/suppl_file/nl8b00860_si_001.pdf) Figure 8). Importantly, the magnitude of the peak currents was comparable for double pore, and single-pore events at all biases applied ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d, [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00860/suppl_file/nl8b00860_si_001.pdf) Figure 9). With increasing applied voltage, the distributions of δ~1~ narrowed considerably, indicating that at higher fields, the DNA takes less time to find the second pore ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e,f).

![Voltage dependence analysis of DNA translocations in competition mode. Equal voltages ranging from 400 to 1000 mV were applied to both nanopores. Detection was carried out using 300 pM 10 kbp DNA in 2 M LiCl. (a) Representative current--time traces measured at the two detection channels at the different voltages. (b) Scatter plots of dwell times of double pore events plotted for channel 2 versus channel 1. Distributions are symmetric with respect to the diagonal of the plot (dotted line) meaning that the recorded dwell times are comparable for both channels. (c,d) Voltage dependence of dwell time and peak current for double pore (dark blue) and single pore (light blue) events. Double pore events experience a significant increase in dwell times, compared to single pore events. Both double pore and single pore events show peak currents increasing and dwell times decreasing with increasing voltages. (e,f) Distribution of start (δ~1~) and end (δ~2~) offsets for the different voltages. The width of the distributions narrows as voltages increase, with δ~1~,δ~2~ \< \|1\| ms at 400 mV and δ~1~,δ~2~ \< \|0.5\| ms at 1000 mV.](nl-2018-00860m_0003){#fig3}

The percentage of double pore events was vastly higher than the 0.8% value reported previously.^[@ref37]^ For instance, at all voltages applied double pore events constituted 13% of all events recorded for 10 kbp DNA and even 62% for 48.5 kbp DNA ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Such a high bridging probability likely originates from the DNA radius of gyration being significantly greater than the tip dimensions. In some cases, the molecule was permanently trapped across the two pores, likely because the net force exerted in the two channels canceled out ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). Such permanently trapped molecules could only be released by reversing the voltage applied to one of the channels.

![DNA size dependence in competition mode. (a) Ionic current traces recorded in competition mode for 50 pM 48.5 kbp DNA (red), 150 pM 20 kbp DNA (yellow), and 300 pM 10 kbp DNA (green) when 400 mV is applied to both nanopores (the color code for different DNA length is maintained throughout the whole figure). (b) Representative examples of 48.5 kbp DNA molecule trapped between the pores when 200 mV was applied to both nanopores. The molecule could only be released after reversing the potential in one of the channels. (c) Double pore event rate versus voltage for 10, 20, and 48.5 kbp DNA (2 M LiCl in TE buffered at pH 8.0). The rates show a strong dependence on the DNA size and a moderate dependence on the voltage applied. (d) Comparison between the probability density function of dwell times for double pore and single pore events recorded at 400 mV. (e,f) Scatter plots of the dwell times and peak current of double pore events. (g) Start (δ~1~) and end (δ~2~) offset distributions. For all DNA lengths, double pore events show longer start offsets compared to end offsets with the majority of the double pore translocations of 48.5 kbp molecules having δ~1~ \< \|5 ms\| and δ~2~ \< \|1 ms\|. The width of both distributions decreases with decreasing DNA length: the time constant of the exponential fittings for the start offset was calculated to be 0.93 ± 0.14, 0.43 ± 0.07, and 0.32 ± 0.01 ms for 48.5, 20, and 10 kbp DNA respectively.](nl-2018-00860m_0004){#fig4}

The double pore event rate was only moderately influenced by the applied voltages ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c), but quite strongly dependent on DNA size. Longer molecules experienced longer dwell times in the nanopore, thus providing more time for the second end of the DNA to find the second pore and hence increasing the likelihood of a double pore event. The behavior of the δ~1~ offset distribution for different DNA sizes also confirms this, as δ~1~ is distributed over a broader range for longer DNA molecules (e.g., up to 3 ms for λ-DNA, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}g). The longer DNA molecules also showed longer double pore translocation times ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d,e). For 48.5 kbp and 10 kb DNA, the maximum dwell times for double pore events were measured to be as long as 1.8 s and 55 ms at 400 mV, respectively.

An alternative method to control the DNA transport was also explored, which we dub transfer mode; in this mode of operation, a single molecule can be efficiently transferred from one barrel to the other ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). In these experiments, molecules are initially loaded electrokinetically into the pipette from the bath. The transfer is realized by holding one of the barrels at negative bias while keeping the other at positive bias with respect to the grounded bath. DNA molecules are thus ejected from the channel held at negative bias (panel (i) in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a), then attracted to (ii) and threaded into the other channel (iii,iv). Because of the symmetrical geometry of the double-barrel nanopipettes, the delivery and recipient nanopore can be chosen at will by the experimenter. As for competition mode, the shape of the ionic current blockade is different for the delivery and the recipient nanopore (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b) thus enabling to discriminate between single pore events and double pore events. Much like in competition mode, the event profile was fit using a monoexponential function with time constant τ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c) with values again being consistent with single barrel recordings ([SI](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00860/suppl_file/nl8b00860_si_001.pdf) Figures 2 and 3). By tuning the voltages of the two channels, we found that it is possible to drive all molecules from the delivery to the receiving nanopore with near 100% efficiency ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e, [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00860/suppl_file/nl8b00860_si_001.pdf), Figures 10--12).

![DNA translocations in transfer mode. (a) Schematic of a pore-to-pore translocation in transfer mode. Voltages of opposite polarity are applied to both detection channels. The exit of a DNA molecule from the nanopore held at negative bias can be observed as an exponential rise being recorded on the current time trace of Channel 1 which is defined as the delivery detection channel (dark blue) (i). Before being fully released into the bath, the molecule is attracted toward the second nanopore (recipient detection channel), inducing a sharp blockade onset in the current trace (light blue) (ii). The DNA then exits the delivery nanopore (iii) and translocates through the recipient nanopore (iv), resulting in an gradual rise in the ionic current of the recipient channel. (b) Current--time traces of the two channels acquired for 300 pM 10 kbp DNA in 2 M LiCl when a −400 mV (Ch. 1) and 400 mV (Ch. 2) are applied. At the bottom of the panel examples of double pore transfer events are shown. representative profiles of individual translocation event measured in the delivery (dark blue) and the recipient (blue) channel. Monoexponential fits are highlighted with red and black dashed fitting lines, respectively. (c) Histograms of exponential decay fittings of double pore transfer events recorded for both delivery (τ~1~) and transfer (τ~2~). (d) Distributions of start (δ~1~) and end (δ~2~) offsets of the transfer events. Transfer events show faster end offsets than beginning offsets, with δ~1~ \< \|1.5\| ms and δ~2~ \< \|0.5\| ms.(e) Transfer efficiency as a function of the bias applied to the recipient nanopore for voltages of −200, −400, and −600 mV, applied at the delivery channel.](nl-2018-00860m_0005){#fig5}

To summarize, we presented two novel double-nanopore sensing configurations for active control of single-molecule transport in solid-state nanopores. By using a double-barrel nanopipette, it is possible to obtain a three-terminal architecture where the electric field in each of the nanopores can be adjusted individually. We showed that DNA molecules could be efficiently confined and trapped between the two pores leading to a molecular tug-of-war which slows down the translocation process by several orders of magnitude. The yield of these double pore events ranged between 13% and 60% depending on the DNA length and only moderately on the applied voltages. Furthermore, we demonstrated that DNA molecules could be loaded from the bath to the barrel and then either released back or transferred to the other barrel. By tuning the voltages applied, we could obtain near 100% pore-to-pore transfer efficiency.

The strength and reliability of the platform open a plethora of possible applications. For example, implementation of a feedback control mechanism on the system would increase the degrees of freedom in manipulating the DNA. Such a mechanism could be used to perform multiple subsequent readings of the same DNA molecule, yielding more accurate information about proteins bound along the DNA strand or alternatively to study changes in DNA conformations induced by small molecules by performing multiple readings of the same DNA molecule.

Materials and Methods {#sec2}
=====================

Double Barrel Nanopore Fabrication {#sec2.1}
----------------------------------

Nanopipettes were fabricated using a P-2000 laser puller (Sutter Instrument Co, U.S.A.) from quartz theta capillaries (QF120-90-7.5; Sutter Instrument Co, U.S.A.) with an outer diameter of 1.2 mm and length of 7.5 cm. Prior laser-pulling, nanopipettes were oxygen plasma cleaned for 15 min to remove organic contaminants. Nanopipettes were fabricated according to the following settings: (1) HEAT, 850; FIL, 4; VEL, 30; DEL, 160; PUL, 100 followed by (2) HEAT, 860; FIL, 3; VEL, 20; DEL, 140; PUL, 160. The final nanopipettes had pore diameters of 23 ± 9 nm (calculated as the average between the major and minor elliptical axes) and cone semiangles of about 0.11 radians, as measured by scanning electron microscope (SEM) and transmission electron microscope (TEM), ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b,c). Pulling resulted in two symmetrical pores with a conductance of 35 ± 4 nS for the larger aperture and 32 ± 4 nS for the smaller one (*n* = 20, measured in 2 M LiCl). It is noteworthy that the pulling parameters are instrument specific and will vary from a puller to puller. For the fabrication of symmetric nanopores, we found out that the septum separating the two barrels has to be aligned parallel to the incident laser. Under these conditions, ∼75% of all pulled pippetes resulted in symmetric (conductance variation within 10%), and functional nanopores, if the pipettes are filled with the solution immediately after pulling. After the solution is filled, the pipettes were subjected to negative (back) pressure to ensure that there are no air bubbles left in the solution or the pipette tips. The nanopipettes underwent a silanization process to avoid crosstalk and current leakages between barrels. The back end of the nanopipette was exposed to vapors of Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (product number 448931-10G, Sigma-Aldrich) for no more than 10 s. If after pulling the pipettes are stored in air for long periods of time (i.e., \>1 day), we found that these devices are difficult to fill with solution and require oxygen plasma cleaning.

Ionic Current Recordings {#sec2.2}
------------------------

The ionic current recordings were performed with a Multiclamp 700B low-noise current amplifier (Molecular Devices, U.S.A.) in voltage clamp mode. The recorded analog signal was low-pass filtered using a built-in four-pole Bessel filter with a cutoff frequency of 10 kHz. All signals were acquired at 100 kHz using Digidata 1550B data-acquisition module (Molecular Devices, U.S.A.). The two nanopore channels were voltage-addressed with two separate headstages which were connected to Ag/AgCl electrodes. The two patch electrodes were connected in the barrels of the nanopipette while the ground electrode was placed in the bath. In all experiments, the DNA sample was first introduced in the bath. All data was postprocessed using custom-written Matlab scripts.

Solution and Reagents {#sec2.3}
---------------------

The 48.5 kbp DNA and 10 kbp DNA were purchased from New England Biolabs, U.K. (stock concentration of 500 μg/mL). Twenty kilo-base pair NoLimits DNA fragment with a stock concentration of 500 μg/mL was purchased from ThermoFisher Scientific. All DNA solutions were prepared in 2 M LiCl, 10 mM Tris, 1 mM EDTA at pH 8.0 (product number T9285) using ultrapure DI water (18 MΩ) via serial dilutions. Before use, 48.5 kbp DNA was treated at 65 °C for 4 min to linearize it and then slowly cooled down to room temperature.

TEM and SEM Imaging {#sec2.4}
-------------------

The pipette tips were imaged using a JEOL JEM-1400 transmission electron microscope with an acceleration voltage of 120 keV. The pipette tips were glued onto TEM-grid-sized copper windows using epoxy resin and then cut off from the pipette body. Prior to imaging, 5 nm of carbon was sputtered onto the pipette tips in a 208C High Vacuum Turbo Carbon Coater (Cressington Scientific Instruments, U.K.). The tip of the pipette was perpendicular to the direction of sputtering. SEM imaging of the pipette tips was carried out with a FEI NovaNano SEM. Prior to imaging, 7 nm of Pt was sputtered onto the pipette to prevent drifts caused by charging. During sputtering the pipette was positioned with the tip facing the sputtering source in Leica ACE200.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.nanolett.8b00860](http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.8b00860).TEM images of the nanopores, experimental data on transfer and completion modes, control experiments using a conventional nanopore configuration ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00860/suppl_file/nl8b00860_si_001.pdf))
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